. The relative importance of methanogenesis in the decomposition of organic matter in northern peatlands. Journal of Geophysical 120(2), 280-293. doi: 10.1002/ 2014jg002797 The relative importance of methanogenesis in the decomposition of organic matter in northern peatlands Abstract Using an isotope-mass balance approach and assuming the equimolar production of CO 2 and CH 4 from methanogenesis (e.g., anaerobic decomposition of cellulose), we calculate that the proportion of total CO 2 production from methanogenesis varies from 37 to 83% across a variety of northern peatlands. In a relative sense, methanogenesis was a more important pathway for decomposition in bogs (80 ± 13% of CO 2 production) than in fens (64 ± 5.7% of CO 2 production), but because fens contain more labile substrates they may support higher CH 4 production overall. The concentration of CO 2 produced from methanogenesis (CO 2-meth ) can be considered equivalent to CH 4 concentration before loss due to ebullition, plant-mediated transport, or diffusion. Bogs produced slightly less CO 2-meth than fens (2.9 ± 1.3 and 3.7 ± 1.4 mmol/L, respectively).
Introduction
Peatlands worldwide have been found to hold approximately one third of the total carbon in soils [Gorham, 1991; Post et al., 1982 Post et al., , 1985 . Wetlands contribute a third of global CH 4 emissions with errors in estimates due to a lack of data and understanding of these complex systems [Bridgham et al., 2013] . In peatlands, anaerobic decomposition of plant material at rates less than carbon accumulation results in net carbon storage [Moore et al., 1998 ]. Due to anaerobic conditions as well as the general absence of alternate electron acceptors (nitrate, iron, and sulfate), methanogenesis should be the dominant pathway of respiration below the surface [Chasar et al., 2000a [Chasar et al., , 2000b Corbett et al., 2013a; Romanowicz et al., 1995] . Methanogenesis (by either acetate fermentation (equation (1)) or CO 2 reduction (equations (2)-(4)) produces equimolar amounts of CO 2 and CH 4 [Barker, 1936; Tarvin and Buswell, 1934] in environments where cellulose, a glucose polymer, or hemicellulose, a more complex sugar polymer, are the initial organic material substrates [Conrad, 1999] . These materials are the main initial substrates driving anaerobic degradation in freshwater aquatic sediments, peatlands, wetlands, ruminants, arthropods feeding on plant material, and in many types of sewage sludge as well as in decomposition in landfills [Conrad, 1999; Barlaz, 2006] . Even wood is composed of 70% cellulose and hemicellose [Sjostrom, 1993] .
For example, acetate fermentation produces equimolar quantities of methane and CO 2
Acetate fermentation : CH 3 COOH→CH 4 þ CO 2 (1)
while CO 2 reduction is the sum of equations (2) and (3):
with a net overall equation for CO 2 reduction of 2CH 2 O→CH 4 þ CO 2 (4)
For cellulose and hemicellulose the reactions are, respectively [De La Cruz et al., 2013] ,
C 5 H 8 O 4 ð Þ n þ nH 2 O→ 2:5nCO 2 þ 2:5nCH 4 (6)
Fats and proteins decompose under anaerobic conditions to produce CH 4 /CO 2 in a ratio of 6/4, but these are likely less abundant [De La Cruz et al., 2013] .
In Glacial Lake Agassiz Peatland (GLAP) sites in northern Minnesota and other peatlands, however, dissolved pore water inorganic carbon (DIC, dissolved CO 2 ) concentrations are considerably greater than dissolved methane concentrations [Valentine et al., 1994; Bridgham et al., 1995; Romanowicz et al., 1995; Chasar et al., 2000a Chasar et al., , 2000b Keller and Bridgham, 2007; Wright et al., 2011; Corbett et al., 2013a] . The high DIC/CH 4 that is generally observed indicates that (1) methanogenesis is not the only major pathway of CO 2 production in these systems [Keller and Bridgham, 2007] and/or (2) dissolved methane may be escaping the pore water system in much greater quantities than dissolved CO 2 or may be consumed by processes such as anaerobic oxidation of methane (AOM) [Smemo and Yavitt, 2011; Gupta et al., 2012] .
The "excess" CO 2 that is produced by nonmethanogenic pathways must come from other pathways including aerobic oxidation of organic matter, high molecular weight (HMW) organic matter (OM) fermentation, or respiration with alternative electron acceptors (e.g., sulfates, iron, manganese, nitrate, or humics) [Keller and Bridgham, 2007; Lovley et al., 1996] . Vascular plant roots can deliver oxygen to the belowground pore water system driving aerobic respiration [Chanton et al., 2008] , respiration via sulfate reduction occurs in some peatland systems [Vile et al., 2003a [Vile et al., , 2003b Keller and Bridgham, 2007] , and evidence of the fermentation of HMW organic molecules has also been observed [Keller and Bridgham, 2007; Tfaily et al., 2013; Vile et al., 2003a] . In addition to the pathways mentioned above, humic acids could also act as additional electron acceptors fueling anaerobic respiration and suppressing net methanogenesis in peats [Keller and Bridgham, 2007; Smemo and Yavitt, 2011; Gupta et al., 2012] . It has been observed that humic acid addition lowers methane production in peats but not CO 2 production [Blodau and Deppe, 2012] . Also, CO 2 produced by respiration in vascular plant roots may be directly input into the subsurface. These pathways do not fractionate the carbon substrate during respiration so the produced CO 2 carries the original δ 13 C signature of the organic carbon substrate [Lapham et al., 1999] .
The high CO 2 /CH 4 ratios observed in the GLAP and other peatlands may also be a result of CH 4 loss through the root system of vascular Carex plants and ebullition. Ebullition has been shown to be the dominant pathway of CH 4 loss from the pore water of some peatlands [Glaser et al., 2004] . CH 4 loss in the anaerobic subsurface may also be the result of anaerobic methane oxidation (AOM), which has been shown to occur in some peatland systems [Smemo and Yavitt, 2011; Gupta et al., 2012] . However, we will consider methane production to be gross methane production-AOM.
In this paper, we will use isotope-mass balance equations to determine the relative importance of the pathways used in organic matter decomposition at several sites and to calculate the net CO 2 /CH 4 ratios produced belowground. Corbett et al. [2013a] developed an isotope-based approach to determine the relative amounts of CO 2 production from fractionating (methanogenesis) and nonfractionating (i.e., respiration via alternative electron acceptors (most likely oxygen, sulfate, and humic acids) and HMW OM fermentation) pathways. This approach also allows one to estimate the relative importance of methane loss from various depths in the pore water and to quantify the amount of subsurface methane produced before loss [Corbett et al., 2013a] . This earlier study compared a single bog and fen site and found that methanogenesis was of greater relative importance in the bog site relative to the fen site, while methane loss was greater in the fen site.
The aim of this study is to apply the approach of Corbett et al. [2013a] to two additional bog-fen pairs in the GLAP in northern Minnesota and also across sites in a permafrost thaw wetland gradient in Canada to identify whether the patterns observed by Corbett et al. [2013a] are consistent. We include permafrost thaw sites here to better understand organic matter decay and respiration pathways that occur as previously frozen organic material undergoes thawing. An objective is to evaluate whether the low CH 4 /CO 2 ratios observed in Journal of Geophysical Research: Biogeosciences 10.1002/2014JG002797 pore water are due to methane loss [e.g., Glaser et al., 2004] or due to low relative importance of methane production relative to other modes of organic matter decomposition. We hypothesize that methanogenesis will be more important in Sphagnum-dominated bogs due to different transport processes and in the differences in the nature of the dissolved organic matter between the two types of wetlands [Tfaily et al., 2013] . Similarly, a higher percent of methane should be lost from fens, where plant-induced gas ventilation is more developed [Chanton, 2005] . Additionally, we hypothesize that at the thawed permafrost sites, there will be more relative CO 2 production from nonmethanogenic pathways at the recent-collapse moat sites relative to midbogs, since stored, frozen organic matter at the thawed permafrost sites has just reinitiated the decomposition process, and newly released organic matter there may contain more organically bound oxygen and more humic acid electron acceptors [Tfaily et al., 2013; Leifeld et al., 2012] . Hodgkins et al. [2014] observed that methane production is less important in the early stages of thaw along a thaw gradient in arctic Sweden.
Methods

Field Sites
The Glacial Lake Agassiz Peatlands (GLAPs) located in northern Minnesota formed about 5000 years ago when a shift to a colder, wetter climate, raised the regional water table and initiated peat formation [Glaser et al., 1997] . Raised bogs, characterized by Sphagnum moss, and patterned fens, dominated by vascular plants such as Carex, comprise the main types of environments found in the GLAP terrain [Glaser et al., 1981 [Glaser et al., , 1997 . These vegetation patterns are also observed in permafrost collapse-scar bogs where the midbog is dominated by Sphagnum mosses, and the bog moat is dominated by both Carex and Sphagnum vegetation [Prater et al., 2007] . The collapse-scar bog, composed of both the midbog and bog moat, is an area that was once permafrost but has recently undergone several yearly freeze/thaw cycles typical to those the GLAP has been subjected to for thousands of years. The bog moat is an area where rapid thawing of permafrost soils is occurring, and the adjacent, frozen peat plateau is calving off into the collapse-scar wetland [Prater et al., 2007] . In the GLAP, the flat landscape and the sparse network of rivers maintain high water tables by reducing drainage and runoff, which accounts for continual peat development [Glaser, 1987; Glaser et al., 2006] . Continued carbon accumulation in peatlands may directly depend on this moisture availability in order to maintain peat growth [Charman et al., 2012] . Drought and higher temperatures may alter the biogeochemistry of these systems sufficiently so that they become carbon sources rather than sinks [Fenner and Freeman, 2011; Freeman et al., 2001a Freeman et al., , 2001b .
Pore water samples were collected from the GLAP in northern Minnesota [Glaser et al., 1981] and from discontinuous permafrost sites in Alberta, Canada [Prater et al., 2007; Prater, 2005] . At GLAP, two additional bog-fen pairs were compared and contrasted with the previously studied RLII bog and fen [Corbett et al., 2013a] . These were the Sturgeon River (SR) Bog (48.16°N, 94.22°W) and Fen (48.16°N, 94.24°W) pair and the Red Lake IV (RLIV) Bog (48.33°N, 94.41°W) and Fen (48.32°N, 94.38°W) pair ( Figure 1a ). Sites were remote and only accessible by helicopter.
At each of the three distinct sites in a zone of discontinuous permafrost in northern Alberta, Canada, we contrasted the collapsing edge of a bog moat, where recently thawed peat was falling into the collapse-scar bog with the middle of the wetland (midbog) where new peat was growing within the collapse feature. These sites were Meander (59. 5°N, 117.2°W), Lutose (59.2°N, 117.2°W), and Zama (59.1°N, 117.2°W) collapse-scar bogs ( Figure 1b ).
Field Measurements, Stable Isotopes, and Concentrations
A peristaltic pump with Teflon tubing was used to collect pore water from 1.25 cm diameter PVC piezometers at 0.5 m depth intervals [Chason and Siegel, 1986; Romanowicz et al., 1993; Siegel and Glaser, 1987] . All field samples refer to pore water measurements, which were collected at or below the water table. A depth of 0 m corresponds to the top of the water table, not the top of the peat. DIC samples were first filtered with Whatman Grade GF/D glass microfiber prefilters (2 μm particle retention) and 25 mm diameter Whatman Grade GF/F glass microfiber filters with 0.7 μm particle retention. Following filtration, this pore water was injected into 30 mL evacuated vials sealed with butyl rubber septas. Pore water for methane analysis was collected in 60 mL syringes and injected without filtration into 120 mL evacuated vials containing Journal of Geophysical Research: Biogeosciences 10.1002/2014JG002797 0.5 g KOH. DIC samples were frozen within a few hours at a field station. All samples were shipped to Florida State University for analysis. Evacuated vials containing DIC and methane pore water samples were brought to atmospheric pressure with helium. DIC samples were acidified with 0.3 mL of 40% H 3 PO 4 . All samples were shaken to extract gas from the water into the headspace. The gas concentration and isotopic ratio in the headspace were determined by direct injection on a gas chromatographic (GC) combustion-interfaced Finnigan MAT Delta V isotope ratio mass spectrometer (GC isotope ratio mass spectrometry). Gas concentrations in pore water were calculated from the headspace volume to water volume ratio and the extraction efficiency of the gas. The extraction efficiency of methane as measured with repeated extractions was 0.95. The extraction efficiency of the DIC in an individual vial was determined in reference to dissolved bicarbonate standards. Isotope-mass balance equations were developed to partition the relative importance of the fractionating methanogenic pathways versus the nonfractionating "other" pathways for the generation of CO 2 in peatlands [Corbett et al., 2013a] . The proportions of CO 2 from nonfractionating pathways and methanogenesis were calculated with measured pore water δ 13 C-CO 2 and δ 13 C-CH 4 values.
We assume that DIC results from two processes: (1) respiration and HMW OM fermentation, which produce DIC with an isotopic composition similar to the organic matter, and (2) methanogenesis (acetate fermentation and CO 2 reduction), which produces δ 13 C-enriched DIC along with δ 13 C-depleted CH 4 . Assuming that methanogenesis from cellulose produces approximately equimolar amounts of carbon to CO 2 and CH 4 , the isotopic signature of the CO 2 produced solely from methanogenesis can be calculated.
For example, if methane is produced at À60‰ from À26‰ organic matter, then the coproduced DIC (CO 2 ) must have an isotopic value of +8‰. We used a measured average of À26‰ [Corbett et al., 2013a] to represent the δ 13 C-OM. Using pore water δ 13 C-CH 4 values, we then solved for δ 13 C-CO 2-meth (the δ 13 C of the CO 2 produced from methanogenesis) in these samples. CH 4 isotopes do not fractionate during ebullition as CH 4 undergoes a phase change from the dissolved to gaseous state [Chanton, 2005] , so the process that most significantly affects the CH 4 isotopic ratio in the pore water is net methanogenesis.
This calculated value of δ 13 C-CO 2-meth and the measured δ 13 C of the pore water DIC (δ 13 C-CO 2-pw ) can then be used to partition the fraction of total DIC (CO 2 ) coming from either nonfractionating pathways (i.e., oxic respiration, sulfate reduction, and HMW OM fermentation) or fractionating processes (i.e., methanogenesis) with the following mass balance equations (equations (8)- (10)) where (fCO 2-OM decay ) represents the fraction of CO 2 production from the nonfractionating pathways discussed above and (fCO 2-meth ) represents the fraction of CO 2 produced by methanogenesis.
Combining these equations yields
which can then be solved for fCO 2-meth .
If methanogenesis did not produce an equimolar amount of CH 4 and CO 2 , the resulting value of fCO 2-meth would be altered proportionately. If the CH 4 :CO 2 production ratio increases, for example, from 50:50 to 60:40, then the fCO 2-meth would decrease proportionately by approximately 10%. Alternatively, if the production ratio decreases to 40:60, the fCO 2-meth increases by 10%.
Fen samples at GLAP have been shown to have some (5-15%) contribution of DIC from the underlying mineral soil [Chasar et al., 2000b] . We therefore examined how this additional source of CO 2 from mineral soil might affect the percent CO 2 from methanogenesis (CO 2-meth ) and percent methane loss (see below) by modifying equation (10) to account for mineral soil DIC input. It was found that on average CO 2 derived from mineral soil decreased the percent CO 2-meth and percent methane loss by only 3.8 and 1.6% [Corbett et al., 2013a ].
An estimate of CH 4 lost from the pore water can also be determined by knowing the value of fCO 2-meth [Corbett et al., 2013a] . First, an estimate of the amount of CO 2 produced by methanogenesis (CO 2-meth ) can be determined with fCO 2-meth and the pore water CO 2 concentration measured at a certain depth (CO 2-conc ) by f CO 2-meth Â CO 2-conc ¼ CO 2-meth (11)
If the composition of the starting material is cellulose like, then an equal amount of CH 4 and CO 2 would be produced from methanogenesis. However, the pore water methane concentration at any given depth (CH 4-conc ) is generally less than this amount of CO to the loss of methane, a gas much less soluble in water than CO 2 , from the system. Subtracting the measured amount of methane from the amount of methane that should be present (which is equal to CO 2-meth ) yields the relative amount of methane that has escaped the pore water system. The fraction of methane that has been lost from the pore water is then given by
Finally, if we assume that the total amount of produced CO 2 is equal to CO 2-conc , then based on equation (11),
Since the total amount of CH 4 produced is also equivalent to CO 2-meth (based on the stoichiometry of methanogenesis), 1/fCO 2-meth also equals the ratio of produced CO 2 /produced CH 4 . When this production ratio is 1, then only methanogenesis is occurring and as this ratio increase from 1, the relative importance of nonmethanogenic processes that produce CO 2 increases. This approach underestimates the amount of methane that has been produced because it assumes that the concentration of CO 2 at the bottom of the profile represents the sum of CO 2 production. CO 2 lost by diffusive and ebullitive fluxes and by pore water advection is not accounted for. Thus, our methane loss numbers are lower limits.
Results
Pore water DIC and CH 4 concentrations increased with depth in both SR Bog and Fen and RLIV Bog and Fen sites (Figure 2 ). The bogs had higher measured CH 4 concentrations than the fens, but in both cases, the CH 4 concentration was considerably less than the DIC concentration. At all sites the δ 13 C-CO 2 became more enriched with depth, more so in the bogs than the fens (Figure 3 ). The δ 13 C-CH 4 values at both bog sites became more enriched with depth, while fen sites became more depleted with depth ( Figure 3) . Enrichment of DIC in δ 13 C is indicative of the strength of methane production in generating DIC. 
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Isotope-mass balance calculations (equations (7)- (12)) were applied to the pore water data, and averages of the percent CO 2-meth (%CO 2-meth = 100 × fCO 2-meth ), and CH 4 loss were calculated for the bogs and fens. The %CO 2-meth and CH 4 loss were determined, and values calculated for each depth were averaged for each site. Averages of these depth averages were used to determine the overall %CO 2-meth and CH 4 loss for the bog and fen sites, and these data from the RLIV and SR sites were combined with data from the RLII sites [Corbett et al., 2013a] in subsequent analyses. The averages of the three bogs and three fens were compared; however, due to the low sample size (n = 3 for each type of wetland) overall trends as opposed to statistical significance are reported below. Collectively, GLAP fen sites had a lower value of %CO 2-meth (64 ± 5.7%) than the GLAP bog sites (80 ± 13%) (Table 1 and Figures 4 and 5) . The produced CO 2 /CH 4 values (equation (13)) were slightly higher in the fens (1.6 ± 0.21) than in the bogs (1.4 ± 0.46) ( Table 1 ). Both bog sites showed an increase of %CO 2-meth with depth with the greatest increase between 10 and 50 cm. In contrast, %CO 2-meth was more constant with depth in the fen sites (Figure 4 ). CH 4 loss was similar in the SR Bog and Fen sites but higher in RLIV Fen than RLIV Bog (Table 1) . Overall, the results indicated that only about 10-20% of the produced CH 4 remained in the pore water belowground for all of the sites. The average concentration of CO 2-meth was slightly higher in fens (3.7 ± 1.4 mmol/L) than in bogs (2.9 ± 1.3 mmol/L) and increased with depth in both environments (Table 1) .
Pore water DIC concentrations from the permafrost sites ranged from 1 to 6 mmol/L, and no consistent pattern was found across the wetlands (bog moat or collapsing edge to midbog) ( Figure 6 ). Methane concentrations ranged from close to zero to up to 1.5 mmol/L (Figure 6 ). The midbogs had more enriched δ 13 C-CO 2 than the bog moats, and δ 13 C-CH 4 values varied from À55 to À80‰ (Figure 7 ). CO 2-meth and CH 4 loss were determined as described above, and values calculated for each depth in all midbog and bog moat sites were averaged. Combining these depth averages allowed us to determine the overall %CO 2-meth and CH 4 loss of the midbog (n = 3) and bog moat (n = 3) sites. Overall, the results showed more CO 2-meth in the midbog (55 ± 8.1%) as compared to the bog moat sites (42 ± 6.6%) ( Table 1 and Figures 8 and 9 ). The produced CO 2 /CH 4 ratios (equation (13)) were slightly higher in the bog moats (2.6 ± 0.47) relative to midbog sites (1.9 ± 0.31) ( Table 1) . CH 4 loss varied little across these wetlands being 64 ± 9.3% in the midbog 
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sites and 63 ± 7.0% from the bog moat sites (Table 1 ). The average concentration of CO 2-meth was higher in midbogs (1.6 ± 0.63 mmol/L) than in bog moats (0.82 ± 0.20 mmol/L) (Table 1) , and CO 2-meth increased with depth in both environments.
Discussion
Glacial Lake Agassiz Peatland Sites
In the GLAP peatland sites δ 13 C-CO 2 became more enriched with depth as methanogenic pathways drove δ 13 C-CO 2 to more positive values (Figure 3 ). Within the bog-fen pair that was previously investigated, Corbett et al. [2013a] found that %CO 2-meth was larger in a bog as compared to a fen. The results here, from two additional bog-fen pairs confirm this observation (Figure 4 ). It appears that CO 2 production from methanogenesis is of greater relative importance in bogs than fens, although methane production was the dominant mode of organic carbon remineralization in both peatland types (Table 1 and Figures 4 and 5) .
a) b)
Figure 4. Depth profiles of percent CO 2 production from methanogenesis (%CO 2-meth ) in (a) SR Bog (black squares) and SR Fen (white squares) and (b) RLIV Bog (black squares) and RLIV Fen (white squares). Note that the importance of methane production increases with depth especially in bogs. Values of %CO 2-meth were determined as discussed in section 2.3. a Uncertatinty estimates for each site represent the standard deviations of the reported depth averages at each site. Uncertainty estimates for the combined site averages (All Bogs, All Fens, All Mid Bogs, and All Bog Moats) were calculated using the standard deviation from each site average. Uncertainty of site averages = (sqrt ( (stdev1) 2 + (stdev2) 2 + (stdev3) 2 ))/3.
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Near-surface depths in the bogs and fens had lower values of %CO 2-meth than deeper depths indicating a greater prevalence of nonfractionating pathways at the surface (Figure 4 ). Surface CO 2 produced from nonfractionating pathways may have been driven by oxic respiration, HMW OM fermentation, or respiration via alternative electron acceptors such as humics. Specifically in the fen, oxygen penetration via Carex may fuel aerobic, nonfractionating degradation of organic substances. Carex roots may allow for oxygen penetration into the pore waters of peat and thus create mixed redox zones and greater dissolved organic carbon (DOC) reactivity [Aller, 1998; Burdige, 2006; Burdige and Komada [2015] ; Chanton et al., 2008] . Root exudates also increase the pools of labile DOC in the near-surface fen. Figure 6 . Depth profiles of dissolved inorganic carbon (DIC) and dissolved methane concentrations for Meander bog moat (white squares) and midbog (black squares), Lutose bog moat (white squares) and midbog (black squares), and Zama bog moat (white squares) and midbog (black squares). Sites are permafrost collapse features in Alberta, Canada. 
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Sulfate and nitrate/nitrite are at or below the detection limit in the pore waters at these sites [Corbett et al., 2013a] , so these modes of respiration do not contribute nonfractionated CO 2 in the GLAP. Microorganisms have been shown to use humic acids to oxidize organic compounds [Cervantes et al., 2000; Lovley et al., 1996] . This additional mode of respiration can (1) inhibit methanogenesis [Ye et al., 2012] and (2) contribute to the production of CO 2 from nonfractionating pathways [Blodau and Deppe, 2012; Heitmann et al., 2007; Keller and Bridgham, 2007] . Fungal ribosomal RNA has also been reported in both bogs and fens in the GLAP [Lin et al., 2012] . Fungi aerobically degrade compounds in the peat surface, which may contribute to CO 2-OM decay and therefore lower values of %CO 2-meth .
Below the oxic zone, CO 2 production from organically bound oxygen [Leifeld et al., 2012] with subsequent reduction of the remaining organic matter could result in unfractionated CO 2 . The microbial breakdown of HMW OM to low molecular weight (LMW) OM with CO 2 as a byproduct [Burdige, 2006, Figure 7.10; Corbett et al., 2013a, Figure 2] would result in the reduction of the remaining organic matter to provide an electron balance for the oxidized CO 2 . Tfaily et al. [2013] showed that dissolved organic matter (DOM) in peat pore water undergoes a compositional change, losing organically bound oxygen with depth. The loss of oxygen from DOM molecules is consistent with HMW OM fermentation that would allow for CO 2 production by nonfractionating pathways. Compounds with low O/C increased with depth in both bogs and fens although bogs showed less of an increase of these compounds with depth [Tfaily et al., 2013] . Together, all of these observations are consistent with a greater relative percent of methanogenesis in bogs as compared to fens, as observed in this study and in Corbett et al. [2013a] .
Processes such as HMW OM fermentation will produce more reduced dissolved organic matter end products when CO 2 is lost as a byproduct. An environment utilizing this pathway may produce and export a greater amount of LMW-reduced substrates than environments utilizing other pathways (i.e., respiration) where LMW OM compounds are not stored but are eventually consumed. Fen environments, which utilize more HMW fermentation, contained lower DOC concentrations and stored a greater percent of LMW DOC than bog environments [Corbett et al., 2013b] . This observation can be explained by greater oxygen input into the fen pore water, which can stimulate phenol oxidase activity [Freeman et al., 2001b] and create mixed redox zones. This may then create more labile OM intermediates through the breakdown of HMW OM [Chanton et al., 2008] and as a result more subsequent DOC breakdown. In addition, root exudates themselves contribute a second type of labile, LMW DOC to the fen pore waters. In bogs, the lack of oxygen input reduces the phenol oxidase activity and hydrolysis [Freeman et al., 2001b] resulting in the buildup of recalcitrant, HMW DOC. Therefore, identifying the occurrence of specific microbial processes in a given environment may provide information on the types and quality of the stored DOC. In terms of DOC export to downstream ecosystems, however, the DOC concentration may be a more important factor than its quality as most DOC exported to a oxygenated downstream environment is eventually remineralized.
In the GLAP, and other peatlands, labile compounds produced in the surface are transported to depth by downward advection [Corbett et al., 2013b] . Downward advection has been identified in the GLAP peatlands with measurements of groundwater levels and pore water chemistry [Siegel and Glaser, 1987] , groundwater flow models [Reeve et al., 2000; Siegel et al., 1995] , and isotopic studies [Levy et al., 2013; Gorham and Hofstetter, 1971] . Greater rates of downward advection observed in the fens would bring more labile dissolved organic matter to the deep fens as compared to the deep bogs [Chasar et al., 2000a; Chanton et al., 2008; Siegel et al., 2001] . In addition, more labile dissolved organic matter would be added to fens at depth in the form of root exudates from Carex, which is the dominant species in the fen [Chanton et al., 2008] . The presence of more recent, reactive DOM in the deep fens, possibly in the form of compounds with more organically bound oxygen, seems to support the production of greater amounts of CO 2-OM decay . In a study done to assess the organic matter composition of peat taken from six peatlands in Switzerland over an Figure 9 . A comparison of %CO 2-meth averages between midbog and bog moat sites, Alberta, Canada. The %CO 2-meth is consistently higher in midbogs than bog moats.
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average depth range of 0-2 m, Leifeld et al. [2012] showed that compounds containing organically bound oxygen were lost with depth as degradation occurred. OM material with less organic oxygen found in the bogs results in methanogenesis being a more important pathway in the bog as compared to the fen (Figures 4 and 5) . However, the presence of more labile organic material may support higher overall production rates in the fen, so the average concentrations of CO 2-meth in fen environments are comparable to those in bogs.
Although anaerobic oxidation of methane has been reported in peatlands [Smemo and Yavitt, 2011; Gupta et al., 2012] , and anaerobic methane oxidation in the catotelm may cycle some methane, at depths below 50 cm net methane production dominates in peats. In both the SR and RLIV bogs, δ 13 C-CH 4 values became more enriched with depth, while in both fens δ 13 C-CH 4 values became more depleted with depth (Figure 3 ), indicative of different methanogenic pathways in the bogs and fens [Chasar et al., 2000b] . Bogs in GLAP are dominated by CO 2 reduction (δ 13 C-CH 4 = À60 to À100‰), while fens are dominated by acetate fermentation (δ 13 C-CH 4 = À50 to À65‰) at the surface and then shift to CO 2 reduction with depth [Chasar et al., 2000a [Chasar et al., , 2000b Chanton et al., 2005 ; see also Hornibrook et al., 1997 Hornibrook et al., , 2000 . Methane oxidation did not appear to be a significant pathway at any depth in the peat based on the δD of methane [Chasar et al., 2000a [Chasar et al., , 2000b Chanton et al., 2005] and the values of the isotope separation factor [Corbett et al., 2013a; Whiticar, 1999] . Therefore, the enrichment of δ 13 C-CH 4 in the surface of the fens is attributed to acetate fermentation rather than methane oxidation [Whiticar, 1999] .
Pore water CO 2 /CH 4 ratios greater than 1 that have been observed in this and other peatlands can also be attributed to CH 4 escape from the subsurface environment. CH 4 loss varies from 50 to 90% across wetland systems, driven by ebullition [Glaser et al., 2004] and plant transport [Popp et al., 2000; Whiting and Chanton, 1992] . The addition of two more bog/fen pairs in this study indicates slightly greater amounts of methane loss in fens as compared bogs (Table 1) . This result may be due to the difference in vegetation between the environments, as fens contain vascular plants, which can enhance gas transport relative to the Sphagnum moss, which dominates bogs.
Alberta Canada Collapse Bog Sites
In this portion of the study, we hypothesized that there would be more relative CO 2 production from nonmethanogenic pathways at the recent-collapse moat sites relative to midbog, since stored, frozen organic matter at the moat site had just begun to undergo anaerobic decomposition and should contain more organically bound oxygen to support greater relative nonmethanogenic pathways [Hodgkins et al., 2014] . The midbogs had more enriched δ 13 C-CO 2 and greater %CO 2-meth values than the bog moats (Figures 7 and 8 ), indicating that methanogenesis is a more prevalent pathway in the midbogs. Overall, there was less %CO 2-meth in the bog moat than the midbog sites (Table 1 and Figures 8 and 9 ), consistent with our hypothesis that organic matter more recently exposed to anaerobic conditions produces less CH 4 but that methane production increases over time. Similar findings have been reported by Hodgkins et al. [2014] , where it was observed that CH 4 production increased with an increase in thaw stage. Based on incubation studies, collapse-scar bogs were found to produce the least amount of CH 4 followed by bogs, and fen environments were found to produce the most CH 4 (collapse-scar bogs < bogs < fens). Organic matter lability also increased with along the thaw gradient. In our study, CH 4 loss varied from 51 to 72% (Table 1) and was similar overall between bog moats and midbog areas even though the amount of CO 2-meth was lower in bog moats. This observation can be explained by the greater density of Carex roots in the bog moat, which can act as conduits that enhance gas escape from the pore water [Knapp and Yavitt, 1992; Whiting and Chanton, 1992] .
Summary
At various sites within GLAP in northern Minnesota and permafrost sites in Alberta, Canada, isotope-mass balance calculations were used to quantify the concentrations of CO 2 produced from methanogenesis, and therefore, the CH 4 concentrations initially present before loss due to ebullition, diffusion, and plant-mediated transport. Similar findings in Corbett et al. [2013a] , methanogenesis was of greater relative importance in Sphagnum-dominated bogs as compared to Carex-dominated fens. Carex-dominated fens had less % CO 2-meth (64 ± 5.7%) than Sphagnum-dominated bogs (80 ± 13%) but had slightly higher amounts of
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CO 2-meth than bogs (3.7 ± 1.4 and 2.9 ± 1.3 mmol/L, respectively) due to the presence of more labile organic substrates in fens, which support higher overall production rates. On average, fens lost a slightly higher amount of subsurface methane loss (89 ± 2.8%) than bogs (82 ± 5.3%) due to the presence of Carex roots in the fens, which supports plant-induced gas ventilation. In discontinuous permafrost sites, the midbog sites had slightly more %CO 2-meth than the bog moat (55 ± 8.1% and 42 ± 6.6%, respectively), which supports our hypothesis that the relative importance of methanogenesis is lower in bog moats than midbogs, possibly due to a higher organic oxygen content of the recently thawed organic matter in the bog moat [Hodgkins et al., 2014] . The midbog and bog moat sites showed similar amounts of methane loss (64 ± 9.3% and 63 ± 7.0%, respectively) possibly due to the greater prevalence of vascular plants in the bog moat, although there was less methane produced in bog moats as the organic matter is more recently thawed and exposed to decomposition.
